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Abstract
Magnetic insulators such as yttrium iron garnet, Y3Fe5O12, with extremely low magnetic
damping have opened the door for low power spin-orbitronics due to their low energy dissi-
pation and efficient spin current generation and transmission. We demonstrate reliable and
efficient epitaxial growth and nanopatterning of Y3Fe5O12 thin-film based nanostructures on
insulating Gd3Ga5O12 substrates. In particular, our fabrication process is compatible with
conventional sputtering and liftoff, and does not require aggressive ion milling which may be
detrimental to the oxide thin films. Structural and magnetic properties indicate good quali-
ties, in particular low magnetic damping of both films and patterned structures. The dynamic
magnetic properties of the nanostructures are systematically investigated as a function of the
lateral dimension. By comparing to ferromagnetic nanowire structures, a distinct edge mode
in addition to the main mode is identified by both experiments and simulations, which also
exhbits cross-over with the main mode upon varying the width of the wires. The non-linear
evolution of dynamic modes over nanostructural dimensions highlights the important role of
size confinement to their material properties in magnetic devices where Y3Fe5O12 nanostruc-
tures serve as the key functional component.
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Introduction
Magnetic insulators such as yttrium iron garnet, Y3Fe5O12 (YIG) with extremely low magnetic
damping have been indispensable in almost every aspect of contemporary spin-orbitronics re-
search.1,2 For many decades, the growth of single crystal YIG films has been dominated by liquid
phase epitaxy (LPE),3 which yields films in the thickness range from several hundreds of nanome-
ters to millimeters. On the other hand, the exotic magnetic properties revealed recenlty from var-
ious YIG-based magnetic heterostructures4–8 call for urgent need for their nanostructured forms
in order to realize practical devices for applications, including spin transfer torque devices,9–11
magnetic logic devices,12,13 auto-oscilators,9,14 and skyrmion memories.15 However, the con-
ventinal LPE method is incompatible with current industrial top-down nanofabrication technolo-
gies. Recently, great advances have been achieved in the growth of high quality YIG films using
pulsed laser deposition (PLD) and magnetron sputtering at elevated temperatures,16–22 yielding
nanometer-thick films with low magnetic damping similar to single-crystal YIG bulk materials.
For example, a Gilbert damping constant of α = 0.00023 has been achieved by Sun et al16 and
by d’Allivy Kelly et al17 using PLD, and α ∼ 0.00009 has been achieved by Chang et al19 using
magnetron sputtering. These demonstrations, more suited for commercial production, are of great
technological significance.
Despite the intensive investigations on YIG continuous films, an efficient yet reliable method
for epitaxial patterning of YIG nanostructures is still missing. Microstructured YIG films have
been prepared in the past using aggressive ion etching of sputtered YIG films while using resist
mask to define the morphological structures.9,23,24 However, the injected, highly energized Ar ions
are also detrimental to the films, particularly harmful to oxides with higher stiffness as opposed to
metals.25 Mechanical defects and even cracks, as well as non-trival modifications of the magnetic
properties such as saturation magnetization and damping constant have been observed after the ion
milling process.24 In this work, we report high-quality growth of YIG films using combined room
temperature (RT) magnetron sputtering and ex-situ post annealing. In particular, our approach
is also compatible with modern nano-lithgraphy techniques, taking advantage of the RT deposi-
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tion. We demonstrate epitaixal patterned YIG nanostructures using electron beam lithography and
liftoff. A Gilbert damping constant comparable to the extended thin-films is achieved even for the
patterned structures.
Results and discussion
The YIG films are deposited on (111)-oriented gadolinium gallium garnet (Gd3Ga5O12, GGG)
single crystal substrates at room temperature (RT) from a commercial YIG sputter target. The Ar
gas flow, chamber pressure, and sputtering power are kept at 16 sccm, 10 mT, and 75 W, respec-
tively, which is the optimal deposition enviroment for RT growth. It has been shown previously
that these films can display different surface morphologies26 depending on the growth conditions.
Here, we used very low sputtering rate and deposited our films from a stoichiometric YIG targets
under ultrahigh vacuum. In addition, our sputtering system has an on-axis geometry which does
not induce any substrate misorientation. The as-grown films have a dark gray color implying that
the stoichiometry has changed during the RT deposition. The films are subsequently subjected
to an ex-situ post annealing at 800 ◦C for 2 hours in a tube furnance with continuous air flow.
The temperature ramping rate is ∼ 120 ◦C / hour. The key attributes for obtaining a good flim
in our process is to ensure an oxygen-rich environment during annealing. Nevertheless, we found
that flowing just air at ambient pressure is sufficient enough instead of using pure oxygen. Alter-
natively, such annealing can also be done in-situ after the film growth;18 however, much longer
annealing time (> 10 hours) is required primarily due to the limitation of the maximum achieve-
able oxygen partial pressure in the commercial sputtering chamber. The annealed films have a light
yellow color (nanometer-thick YIG films).
Nanostructured YIG films are fabricated by RT deposition onto PMMA/PMGI bilayer resisits
defined via electron beam lithography (Raith 150). Since the GGG substrate is highly insulating,
we sputtered 5-nm-thick Au after spin coating the bilayer resists to allow efficient electron charge
dissipation during the lithography. The Au layer is subsequently removed by gold etcher, followed
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by wet development of PMMA (MicroChem MIBK) and PMGI (Shipley CD-26), respectively.
The PMMA/PMGI bilayer resists can form an undercut cross-section profile which is suitable for
magnetron sputtering deposition. After deposition of 40 nm YIG film using the same recipe as
before, we remove the resists and surplus materials on top by a resist remover (Shipley 1165).
Finally, the nanostructured samples are annealed using the same recipe as for continuous films.
Although we choose to use electron beam lithography for our demonstration, the general process
is also applicable to other unconventional lithography techniques.27
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Figure 1: (a) X-ray diffraction pattern of a 40 nm annealed YIG film, and (b) the same spectrum in
an expanded scale showing the YIG(444) peak. (c) Magnetic hysteresis loop of the same sample
measured with an in-plane magnetic field, yielding a saturation magnetization value of ∼ 130
emu/cm3.
We first characterized our YIG films structurally and magnetically. Figure 1(a) and (b) show
the x-ray diffraction pattern our YIG films. The data confirm the (111)-oriented YIG phase in the
samples and show no evidence for the existence of any additional phases. Figure 1(c) shows the
magnetic hysteresis loop measured by a vibrating sample magnetometry with an in-plane magnetic
field. The data indicates very small coercivity, below 1 Oe, and a saturation magnetization, Ms =
130 ± 20 emu/cm3. This value is in equivalent to a 4piMs = 1633 ± 251 G, which is only 6%
smaller than the literature value for bulk YIG crystals.1 A more precise value of 4piMs will be
determined via dynamic measurements below.
Dynamic magnetic properties are investigated by a vector-network-analyzer ferromagnetic-
resonance method (VNA-FMR) in a probe station using low-loss rf probes. We make 18 µm
× 2 mm large YIG bars using the previously described patterning method. Considering that the
thickness of the YIG film is only 40 nm, these structures are large enough to be considered as
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Figure 2: (a) VNA-FMR measurement configuration showing the directions of static and dynamic
magnetic fields with respect to the samples. Ferromagnetic resonance data of three YIG large
bars (Fm1,2,3) showing (b) resonance frequency versus field and corresponding fitting with Kittel
equation, and (c) resonance linewidth versus frequency and corresponding linear fitting.
6
continuous films, which also serve as the reference samples for our YIG nanostructures as will be
discussed later. On chip coplanar-waveguides made from Ti(5 nm)/Au(150 nm) are subsequently
fabricated on top of the YIG bars by photolithography and liftoff. The measurement configuration
is illustrated in Figure 2(a). We show in Figure 2(b) and (c) the ferromagnetic resonance data
of three different YIG samples (Fm1,2,3, where Fm denotes ‘Film’). The resonance field, HFMR,
versus frequency, f, can be fitted by the Kittel equation:
f = |γ|
√
HFMR(HFMR +4piMs), (1)
where γ is the gyromagnetic ratio. Our fitting (Fig. 2(b)) yields 4piMs values of 1827, 1817, and
1856 G for Fm1, Fm2, and Fm3, respectively. On the other hand, the resonance linewidth, ∆H,
versus f can be linearly fitted with:
∆H =
2α
|γ| f +∆H0, (2)
where ∆H0 denotes the inhomogenous linewidth broadening. Our fitting28 [Fig. 2(c)] yields mag-
netic damping values of 3.53, 2.93, and 7.56 (×10−4), respectively. The similar 4piMs as well as
the low magnetic damping values for these different samples demonstrate the reproducibility of our
fabrication process. These values are also comparable to that of similar YIG thin-films fabricated
by other approaches.16–19
We next move onto the discussions of nanostructured YIG. We make arrays of YIG nanowires
(NW), and nanodots (ND) with varying dimensions using the previously described method. Owing
to the top-down lithography used here, all nanostructures exhibit quite uniform size and spacing.29
As a demonstration, we fabricated NW samples with different widths, denoted as NW300,450,600,750,1800,
where the subscript indicates the wire width in nanometer. We also make circular and elliptical dots
of similar dimensions. Figure 3 shows the morphology of our nanostructured YIG samples by us-
ing scanning electron microscopy after 5 nm Au coating. Clean edges and faithful pattern transfer
are achieved thanks to the well-defined undercut resist bilayer. The morphology of these patterned
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films is also similar to their continuous-film counterparts due to the identical growth and annealing
conditions.
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h 
Figure 3: Scanning electron microsopy images of epitaxial patterned YIG nanostructures on GGG
substrates showing (a) 300-nm-wide wires, (b) 750-nm-wide wires, (c) 600-nm-radius circular
dots, (d) 410-nm × 670-nm elliptical dots, and their corresponding zoomed-in images (e-h).
We fabricate on-chip coplanar waveguides on top of each patterned arrays in order to study the
dynamic properties of nanostructured YIG. We focus primarily on the NW samples with varying
widths so that the effects of geometrical confinement to the magnetization dynamics can be sys-
tematically investigated. The gray scale mapping in Figure 4(a) and (b) compare the FMR property
of Fm1 and NW300. The bright color indicates a low microwave absorption, while the dark color
corresponds to a high microwave absorption. The FMR spectrum of the continuous film is sym-
metric, while the spectrum of NW300 exhbits a clear asymmetry with respect to H = 0 due to the
shape anisotropy originated from the confined edges of the nanostructures. In addition to the main
FMR mode, we clearly identify an appreciable edge mode for the NW300 sample. Both the main
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and edge modes are accurately reproduced by our micromagnetic simulations using MuMax Sim-
ulator, see Fig. 4(c) and (d). The parameters used for the simulation are: Ms = 147.77 emu/cm3,
Aex = 4× 10−13 J/m, α = 7.561× 10−4, γ = 0.00284 GHz/Oe. All the values are based on the
fitting results of the reference sample. At H = -1000 Oe, the simulated edge mode sits at ∼ 5.5
GHz [Fig. 4(d)], which agrees very well with the experiment.
4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0
F
M
R
 a
b
s
o
rp
ti
o
n
 (
a
.u
.)
 
 
f (GHz)
Fm1 
H = -1000 Oe 
4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0
 
 
F
M
R
 a
b
s
o
rp
ti
o
n
 (
a
.u
.)
f (GHz)
NW300 
5.4 5.5 5.6
 
 
Fm1 NW300 a b 
c d 
Figure 4: FMR 2D-spectrum measured for samples (a) Fm1 and (b) NW300, and the corresponding
micromagnetic simulations at H = -1000 Oe (c-d). Both main and edge modes are identified for
NW300. Inset pictures of (d) show simulated spatial distribution of magnetization dynamics from
the two modes, in which the red color indicates a high spin precession amplitude, and the blue
color corresponds to low amplitude.
Edge modes can be expected for generic nanopatterned magnetic films. However, earlier work
has shown that such modes are missing in high damping ferromagnetic metals such as Permalloy
(Py, Ni80Fe20) nanowires with similar structural dimensions.30 The distinct edge modes of YIG
nanostructures observed here is owing to the intrinsic low magnetic damping and weak magnon
exchange interactions of YIG, so that they can be well separated from the main FMR mode.
Figure 5 further demonstrates the evolution of such edge mode with the width of the nanowires.
Starting from NW300, the edge mode moves closer for NW450 as the width increases, and finally
merges with the main FMR mode for NW600. Notably, this mode starts to reoccur for NW750 and
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NW300 
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NW750 
NW1800 
Fm1 
Figure 5: FMR 2D-spectrum of Fm1 and NW series of samples, showing evoluation of the coer-
civity (dashed line) and the magnetization dynamic modes over the width of the wires. Arrows
indicate the existence of edge modes. Only the ascending field branch of the hysteresis is shown
for simplicity.
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NW1800 as the width further increases. This cross-over between main and edge modes indicates
a higher sensitiviy of the edge mode than the main mode to the change of local demagnetization
field since they reside primarily at the edges of the nanowires where the pinning is much stronger
as opposed to the center [Fig. 4(d)]. The strong demagnetization field is also evidenced by the fact
that even the main mode shows clear evolution with width at H = 0 Oe, as shown in Fig. 6(a) and
(b). However, when the external field is sufficiently high, no appreciable evolution with width can
be observed for the main mode, Fig. 6(b).
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Figure 6: (a) FMR 1D-spectrum of Fm1 and NW series samples measured at zero external field
showing the evolution of the main FMR mode. (b) Percent change in the resonance frequency
of the main FMR mode at different external applied field, H = 0, -500, -1000, and -2000 Oe for
different width of the nanowire. (c) Resonance linewidth versus frequency of the different samples.
(d) Extracted magnetic damping values for nanowires with different width. Dashed line indicates
the damping value for the continuous film.
The ‘appear-merge-reoccur’ behavior of the edge mode to the main mode (Fig. 5) is an inter-
esting observation, which also finds good agreement with the evolution of the damping constant.
We study the frequency dependent resonance linewidth for all our NW samples [Fig. 6(c)] and ex-
tract the damping parameters via fitting with Eq.(2), as shown in Fig. 6(d). Starting from NW300,
the damping constant increases as width increases, and peaks at NW600, corresponding to exactly
the merge point of the edge and main modes in Fig. 5. This is explained by the fact that when
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the two modes degenerate, they are coupled due to magnon-magnon scattering leading to efficient
energy transfer between the modes,31 which as a result has their effective damping increased. The
loss of the edge mode at this point is compensated by the large damping enhancement for the main
mode. After all, it is the total linewidth that truly quantifies the losses of magnetic energy regard-
less of the nature and number of microscopic mechanisms involved. In fact, such degeneracy is
something to be avoided for device applications such as for the magnetic auto-oscilators, because it
could lead to selflimiting damping and prevent the onset of auto-oscilations. Therefore, our results
here highlight the significance and general guidance of proper device engineering for YIG based
spintronics.
Conclusions
Magnetic insulators with low magnetic damping such as Y3Fe5O12 have been widely proposed and
investigated as good candidates for pure spin current spintronics concepts. Fundamental studies
have reached several milestones in many sub-fields such as spin pumping, spin-Seebeck effect,
spin transfer torque, and auto-oscilation. However, successful patterning of nanostructures from
such materials for practical device applications has only recently become feasible.
Here, we have demonstrated reliable and efficient epitaixal growth and nanopatterning of
Y3Fe5O12 thin-film based nanostructures on insulating GGG substrates. Strucutral and magnetic
properties indicate good qualities, in particular low magnetic damping of both films and patterned
structures. We systematically studied the evolution of the dynamic magnetization parameters over
the change of the lateral dimensions. A distinct edge mode in addition to the main mode is iden-
tified by both experiments and simulations, which also exhbit cross-over with the main mode over
changing the width of the wires. The cross-over leads to also a significantly enhanced magnetic
damping. The non-linear evolution of dynamic modes over nanostructural dimensions highlights
the important role of size confinement to their material properties in magnetic devices where YIG
nanostructures serve as the key functional component.
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